The use of near-infrared (NIR) measurements of photon migration has been recently demonstrated for the detection of breast cancer in Europe. Yet the clinical success of this potential screening tool depends upon consistent detection of the disease at earlier stages than is currently possible with conventional x-ray mammography. In this paper, we present the optical property measurements of 115 histologically classified breast tissue specimens in order to determine whether consistent and significant optical contrast exists for detection of the disease. Our in vitro optical properties measured with a double integrating sphere technique show consistent changes (yet statistically insignificant) in effective scattering coefficients, s Ј, with tissue classification of infiltrating carcinoma (n=48), ductal carcinoma in situ (n=5), mucinous carcinoma (n=3), normal fatty (n=23), and normal fibrous tissues (n=35). However, there is little change in the in vitro tissue absorption coefficient, a , measured at 749, 789, and 836 nm. For normal and diseased tissue specimens extracted from the same patient, we found differences in optical properties, indicating optical contrast. Using a finite-element prediction of light propagation, we evaluated this optical contrast for photon migration detection of ductal carcinoma in situ tissues using these optical properties measured in vitro.
INTRODUCTION
One out of every eight women in the U.S. will encounter breast cancer in her lifetime.
1 While x-ray mammography is generally an effective screening tool against the disease, studies have shown that mortality rates in women less than 40-50 years of age are not positively influenced by this screening method. In this age group, x-ray mammography has an unacceptable 50% false negative rate. 2 Consequently, numerous research groups have embarked upon nonionizing, near-infrared (NIR) approaches for detecting and imaging diseased breast tissues. The proposed techniques range from CW (continuous wave) or time-independent measurements of scattered light 3 to snake-light measurements of unscattered light 4, 5 and photon migration or time-dependent measurements of multiply scattered light. [6] [7] [8] In each of these techniques, light that has been transmitted across several centimeters of tissue is detected.
Perhaps the most promising technique lies with photon migration measurements. Photon migration imaging consists of measuring the time-dependent characteristics of light propagation and then reconstructing an image of normal and diseased tissues based upon their optical properties. Similar to ultrasound and impedance tomography, the reconstructions are based upon an iterative approach in order to converge upon a ''map'' of tissue optical properties which gives the minimum error between the measured photon migration characteristics, 6, 9, 10 and that predicted by the optical diffusion equation. 11 The endogenous optical contrast for detection of diseased tissues can be provided by (1) the local tissue absorption coefficient, a , which arises primarily due to hemoglobin and increased vascular volumes associated with tumor angiogenesis, and (2) the isotropic tissue scattering coefficient, s Ј, which in the NIR regime arises primarily due to mitochondria 12, 13 and predominates over absorption. Numerous investigators report reconstructed images based upon differences in absorption and scattering. O'Leary and co-workers 14 report success in reconstructing images of a 1.0 to 2.0-cm diameter heterogeneity embedded in a 6ϫ6 cm tissuemimicking scattering medium from experimental photon migration measurements made in the frequency domain (Table 1 ). Pogue et al. 9 have dem-onstrated reconstructions from experimental frequency domain measurements for a 8.6 cm diameter homogeneous medium with a 2.5 cm diameter heterogeneity (Table 1) . Their results show that image reconstructions can be severely degraded by boundaries that are unaccounted for. Jiang and Paulsen show reconstruction of 4 mm diameter heterogeneities in an 8.6-cm diameter tissue phantom. 15 Barbour and co-workers 10 show simulations that point to the detection of heterogeneities as small as 1 mfp (ϳ1 mm 3 for tissues) ( Table 1 ). Instead of using reconstructed images, Sevick et al. 16 demonstrated that multipixel measurements of frequency-domain photon migration can be used to construct a phase-shift and amplitude modulation map in order to detect optical heterogeneities directly. Recently, Franceschini and co-workers 17 demonstrated that in vivo single-pixel measurements of phase-shift and amplitude modulation may also be used to directly construct an optical mammogram. Their results show that photon migration can effectively detect carcinomas that have been previously identified by x-ray mammography. Thus, the feasibility of photon migration imaging for detecting breast cancer has already been demonstrated. The capabilities improving detectability of the disease beyond that currently possible with conventional x-ray mammography may depend upon (1) the successful implementation of developing image reconstructions and (2) the degree of contrast, ⌬ a and ⌬ s Ј or the differences in absorption and scattering properties that must exist between normal and diseased tissue for effective detection.
In this article, we present in vitro measurements of optical properties of 115 normal and diseased breast tissues characterized by histology in order to assess the optical contrast, or ⌬ a and ⌬ s Ј. In addition, we provide in vitro measurements of normal and diseased tissues obtained from five patients in order to assess whether the presence of disease will affect measurement of photon migration and provide detection, whether inversion algorithms or direct imaging techniques are employed. Finally, using the optical properties measured in these studies, we demonstrate the impact of endogenous contrast using finite-element predictions of changes in photon migration due to a tumor embedded in an otherwise homogeneous tissue.
EXPERIMENTAL MEASUREMENT OF TISSUE OPTICAL PROPERTIES
Tissue optical property measurements are fraught with difficulties owing to (1) the necessity of ex- 
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OPTICAL PROPERTIES OF NORMAL AND DISEASED BREAST TISSUES tracting tissues, thereby enabling the drainage of hemoglobin, (2) the maintenance of tissue viability under measurement conditions, and (3) the accuracy of measurement techniques. Nonetheless, the best possible method of measuring normal and diseased optical properties is a noninvasive measurement. For diseased tissues, this would require an accurate ''map'' or image of in vivo tissue optical properties. As described earlier, this has yet to be demonstrated using reconstructed images from CW or photon migration measurements. Since we attempt to assess or estimate the contrast required for such measurements and reconstructions, we conduct our optical property measurements of whole normal and diseased breast tissues using in vitro techniques, keeping in mind the issues of blood drainage, maintenance of tissue viability, and accuracy of measuring technique.
TISSUE SPECIMENS
Measurements were conducted on 115 tissue samples collected from 88 patients. The tissue samples were obtained from the Pathology Department at the Vanderbilt University Medical School with prior patient consent. Of the specimens collected, two were freshly obtained from the surgical suite, placed upon ice, and transported to the Engineering School for optical property measurements. Since freshly excised tissue samples were generally not available and since we found that optical properties were not influenced by freezing and subsequent thawing (see Sec. 2.4), the remainder of our samples were frozen specimens. All specimens were procured from punch biopsy from tissues obtained from lumpectomies, mastectomies, or breast reduction surgeries. The human subject protocol guidelines of Vanderbilt and Purdue universities were strictly followed.
For optical property measurements, fresh or thawed tissue samples were carefully cut into approximately 1-mm-thick slices using a scalpel and taking care to avoid tissue compression. Previously frozen samples were thawed at room temperature. The tissue slices were wetted with saline and placed between two microscope slides, which were then sealed with silicon gel to prevent dehydration. The addition of saline also prevented tissue-glass mismatch of refractive index.
18 Caliper measurements were then made to provide an accurate measurement of the tissue sample thickness. For heterogeneous samples, more than one tissue section was optically examined.
Following optical property measurements, tissue samples were placed in formalin for storage and transport back to the Vanderbilt pathology laboratories. There the samples were embedded in paraffin, sectioned, and stained with hematoxylin and eosin, and mounted on microscope slides for histopathological examination. The pathology of each sample was classified into one of five categories: infiltrating carcinoma, ductal carcinoma in situ, mucinous carcinoma, normal fatty, or normal fibrous tissues. In the case of disease, observations of high-, intermediate-, and low-grade carcinomas were reported along with the percentage of diseased tissue content in the specimen as determined by the pathologist. Figure 1 illustrates the double integrating sphere apparatus used to measure the diffuse reflectance and transmittance in order to determine tissue optical properties of each specimen. For a complete description of integrating sphere technology, the reader is directed to other excellent treatises on the subject. 19 The tissue specimen was placed between two 15.2 cm diameter integrating spheres (70451, Oriel, Stratford, Connecticut) with internal baffles positioned to prevent measurement of directly reflected or transmitted light. The tissue sample was maintained at 37°Celsius by forced convection using a temperature controller and temperature probe (Fisher Scientific, Atlanta, Georgia).
DOUBLE INTEGRATING SPHERE MEASUREMENTS OF TISSUE OPTICAL PROPERTIES
Diffuse transmitted and reflected light was measured with sample illumination at 749, 789, and 830 nm provided by 5, 30, and 40 mW collimated laser diodes (06DLS103, 06DLS403, 06DLS503, Melles Griot, Carlsbad, California). The beam was elliptical with 1.3ϫ4.0-mm axes, and the sample port was reduced to 12 mm because of the limited size of tissue specimens available. Photodetector (71822, Oriel, Stratford, Connecticut) signals were amplified (70710, Oriel, Stratford, Connecticut) to record diffuse reflectance and transmittance from the first and second spheres respectively. Signals were acquired by a standard computer A/D acquisition, and detector calibrations were performed with reflectance standards (70497, Oriel, Stratford, Connecticut). 18 From diffuse reflectance and transmittance measurements, values of scattering and absorption were obtained using the inverse adding doubling program provided by Professor Scott Prahl at the Laser Research Center at St. Vincent Hospital, Portland, Oregon. These computations assumed an anisotropy parameter, g, equal to 0.9. 20 On each specimen, the incident beam was focused onto three different locations. The results of tissue absorption and scattering are reported as the mean Ϯ the standard deviation of the values obtained from the three measurements made on the same sample.
VALIDATION OF OPTICAL PROPERTY MEASUREMENTS
In order to validate the double integrating sphere and inverse adding doubling procedures used, we determined the scattering and absorption coefficients of monodisperse polystyrene microsphere TROY, PAGE, AND SEVICK-MURACA suspensions with and without the addition of a broadband absorbing dye. A comparison of results with theoretical predictions provided confidence of our measurement of tissue optical properties.
Scattering Coefficients of Monodisperse Polystyrene
In a 100ϫ100ϫ1-mm glass sample chamber constructed from microscope slide glass (Erie Scientific, Portsmouth, New Hampshire), monodisperse polystyrene suspensions (Polysciences, Inc., Warrington, Pennsylvania) of radii 0.101, 0.185, 0.390, 0.475, 0.719, and 1.043 m and concentrations varying between 0.625 and 2.5% by volume were examined at 633 (05-LLR-811, Melles Griot, Irvine, CA), 749, and 836 nm in the apparatus shown in Figure  1 . Values for the anisotropy parameter, g, for each suspension were computed from Mie scattering theory. 21 Together with measurement of diffuse reflectance and transmittance, values of scattering and absorption were obtained from the inverse adding doubling algorithm. A value of 1.60 was assumed for the refractive index of polystyrene. 22 The values of scattering obtained from experimental measurements and the inverse adding doubling algorithm were then assumed to be linearly related to the volume fraction, , via the expression [where
From measurements of scattering s versus volume fraction for each microsphere radii r we computed the Mie scattering efficiency, Q scat . Figure 2 shows the typical agreement between Q scat /r predicted by Mie scattering theory and that obtained from integrating sphere measurements at 633, 749, and 836 nm. These results validate the measurement of scattering coefficient from the integrating sphere technique.
Absorption Coefficient Measurements of Monodisperse Polystyrene Microspheres
Since light losses may be significant when the ratio of beam diameter to sample port diameter is less than 0.04, 18 we expected the measured absorption properties to be overestimated by double integrating sphere measurements. In order to account for light losses, absorption and scattering coefficients of a monodisperse polystyrene suspension with added absorber were measured and compared against theoretical predictions of scattering coefficients that were computed from Mie theory and ab- 2 The efficiency of scatter (Q scat ) divided by the particle radius versus the particle radius at wavelengths of (a) 632.8, (b) 749, and (c) 836 nm where the solid line represents that predicted by Mie scattering theory and the symbols are the measured values from the integrating sphere technique.
sorption coefficients that were obtained spectroscopically from nonscattering solutions of a broadband absorber (S109554, Imperial Chemical Industries, Manchester, England). A microsphere 0.53 m in radius was chosen since its anisotropy parameter most closely corresponded to tissue at the wavelengths studied. Small amounts of dye were introduced so that the final absorption coefficient a was between 0 and 0.1 cm −1 in a suspension of microspheres with an isotropic scattering coefficient s Ј of around 12 cm −1 . From measurements of diffuse reflectance and transmittance, accurate measurements of scattering coefficients were found as the dye concentration increased (data not shown for brevity). However, as shown in Figure 3 , light losses due to the small port size caused a consistent overestimation of the absorption coefficient obtained from the double integrating sphere measurement and the inverseadding doubling algorithm. Since the relationship between the true and the measured absorption coefficient remained consistent within the range of wavelengths studied and within the range of microsphere sizes and concentrations employed, we used the slopes and intercepts of Figure 3 to correct for tissue absorbance measurements. Previous investigators also have employed correction factors (S. L. Jacques, personal communication, Jan. 11, 1995), Monte Carlo corrections, 23 and larger port sizes, 24 to correct for the artifact of light losses. Since tissue extraction causes drainage of blood and the absorption coefficient may be dramatically affected, we used the correction factor as an approach to estimate tissue absorbance. Due to the restrictions of obtaining larger tissue specimens, we were unable to employ a smaller beam-to-port size ratio to minimize light losses.
VALIDATION OF TISSUE SPECIMEN MEASUREMENT
Since it was anticipated that frozen tissue specimens would have different optical properties than freshly harvested samples, we evaluated the impact of freezing and subsequent thawing at room temperature on the optical properties obtained from the double integrating sphere measurements. Two freshly harvested normal tissue samples were repeatedly frozen in liquid nitrogen and thawed for optical property measurement at 633 nm. On a 99% confidence level, there was no significant difference in the optical properties between previously frozen and thawed tissue specimens. Even though histological evidence shows the morphological changes with freeze/thaw, the mitochondrial compartment, which may be the major cellular constituent responsible for tissue scatter, 12,13 remains intact and presumably provides constant tissue scattering properties (B. Chance, personal communication).
On the other hand, when diffuse reflectance and transmittance measurements are conducted at different temperatures, large differences exist in tissue optical properties. For example, Figure 4 illustrates the temperature dependence of the optical property measurements of the canine prostate. With increasing temperatures, the scattering coefficient increases dramatically, owing to the degradation of cellular components. Table 2 is a comprehensive listing of the scattering and absorption coefficients at each wavelength, as well as the histological classification and comments for each tissue specimen in the current study. Each tissue was classified into one of five groups: infiltrating carcinoma, ductal carcinoma in situ, mucinous carcinoma, normal fatty, and normal fibrous tissues. As shown in Table 2 , correction of absorbances resulted in some small negative values. In these cases the standard deviation of the measurement was larger than the mean, indicating inaccurate measurement and prediction of a . Since the error in a due to blood loss is unavoidable in this study, we did not attempt to make further corrections as others have done using Monte Carlo techniques. 23, 25 Figures 5(a) through 5(c) illustrate the compilation of scattering and absorption coefficients of normal and diseased tissues which include the groupings of fibrous and fatty (open circles) tissues and of infiltrating carcinoma, ductal carcinoma in situ, and mucinous disease classifications (closed circles). Since no distinct population of normal versus diseased tissues is apparent in our scatter plots and since there is no statistical difference in optical properties between these two groupings, we evaluated the optical properties of individual classifications (Table 3 ). In addition, we found no correlation of normal and/or diseased tissues with age and optical properties. Table 3 lists the optical properties for tissues classified into each of the five categories. While there is no statistical difference between the absorption and scattering properties of normal fatty and normal fibrous tissues, our results show that the scattering coefficient of fatty tissues is lower than that of fibrous tissues. Fatty tissues are identified by the presence of a mature adipose tissue component that is histologically transparent, while fibrous normal tissues exhibit glandular components that have variations in the density of epithelial glands and ducts. Our optical property measurements reflect these morphological differences, which are illustrated in Figure 6 (a). Peters et al. 25 have also measured the optical properties of several homogenized breast tissues. They report that the scattering coefficient of homogenized adipose tissues is smaller than that of homogenized glandular and fibrocystic tissues, which is consistent with our results. However, no direct comparisons can be made since their tissue measurements were conducted at room temperature and their specimens were homogenized for tissue uniformity.
EXPERIMENTAL MEASUREMENTS PREDICTING a AND SЈ OF POOLED NORMAL AND DISEASED BREAST TISSUES
Mucinous carcinoma is a comparatively rare disease in which cancer cells secrete extracellular mucin, thereby providing a transparent tissue component in which cancer cells float or reside. An example of a mucinous carcinoma is illustrated in Figure 6 (b). Interestingly, Table 3 shows that the scattering coefficient of mucinous carcinoma samples is statistically smaller than infiltrating carcinoma at an 80% confidence level at 749 and 836 nm and at a 90% confidence level at 789 nm. Differences in the scattering coefficient between mucinous carcinoma and ductal carcinoma in situ occur at a 90% confidence level for 749 and 789 nm and at 80% for 836 nm. The scattering coefficient of mucinous carcinoma was found to be statistically lower than fibrous tissues at a 95% confidence level for all wavelengths studied. No difference in the scattering coefficient between mucinous carcinoma and fatty tissues was found at 749 nm, but at an 80% confidence level, mucinous carcinoma was found to be statistically lower at 789 and 836 nm.
Infiltrating carcinoma is characterized by increased cellularity and enlarged nuclei, depending upon its grade. As with the ductal carcinoma in situ, the degree of increased cellularity and enlarged nuclei characterize the grade: high-grade carcinomas exhibit high cellularity and nuclei content consistent with the aggressiveness of the disease while low-grade carcinomas exhibit inverse features. 26 While ductal carcinoma in situ resembles infiltrating carcinoma, it differs in that it is confined to the ducts. Within the ductal carcinoma in situ classifications, there are also variations in histological patterns that are indicative of prognosis. 27 Figures 6(c) and 6(d) are micrographs illustrative of the these two diseased states. Our results show that there is no statistical difference at the 99% confidence levels between these two classifications. In addition, there is no significant statistical difference between the scattering coefficients of infiltrating carcinoma and normal fibrous tissues, and between the scattering coefficients of infiltrating carcinoma and normal fatty tissues. There is no statistical difference between the scattering coefficients of ductal carcinoma in situ and normal fibrous tissues, and 
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between the scattering coefficients of ductal carcinoma in situ and normal fatty tissues. However, trends do exist. Infiltrating carcinoma and ductal carcinoma in situ have the highest scattering properties at each of the three wavelengths. This result is inconsistent with Peters et al., 25 who report that cancerous tissues have lower scattering properties than fibrous tissue types. In all tissue classifications, there are no observable trends of absorption coefficient with histopathology. Since tissue measurements are made in vitro, again it is unlikely that these measurements will accurately reflect the blood volume and hence the contrast due to absorption in vivo. However, Peters et al. 25 found that tissues with varying pathologies have differing absorbances, with carcinomas having the highest value of a . there is no consistent optical contrast provided between normal and diseased tissues pooled from 88 patients. In five tissue specimens, tissue volumes were significant, enabling optical property measurement of diseased and surrounding normal tissues. Table 4 lists the tissue optical properties for normal and diseased tissues for five patients with histological pathologies of (1) normal fibrous/ ductal carcinoma in situ, (2) normal fibrous/ infiltrating carcinoma, (3) normal fatty/infiltrating carcinoma, and (4) normal skin/mucinous carcinoma. In the last specimen, skin tissue was inadvertently sampled, as evidenced by histopathology. Interestingly, the scattering coefficient of skin is higher than normal fatty and fibrous tissues, which is in agreement with literature reports. 28 The scattering coefficient of the mucinous tissue is low, which again is consistent with the pathology of the disease (see Sec. 2.4). While the number of measurements is small (due to the size of tissue samples), preventing statistical analysis, our results are nonetheless consistent in that the scattering coefficients of infiltrating carcinoma and ductal carcinoma in situ tissues are larger than the surrounding normal tissues, whether fatty or fibrous in nature. There appears to be no trend in the measured absorption coefficient, again probably due to the drainage of blood.
EXPERIMENTAL MEASUREMENTS PREDICTING
Recently, Gandjbakhche and co-workers 29 found that a significant difference in measured in vitro scattering coefficients at 633 and 800 nm exists between fatty normal tissue and adenocarcinoma tissue specimens from one patient. Their results show a doubling of scattering coefficient between the fatty and adenocarcinoma tissue specimens, which is consistent with the increased scattering between normal and diseased tissues that we found in our study (with the exception of the patient with mucinous carcinoma). Their results show a reduction in absorption with disease, a trend that was not evident in our study. 
CONTRAST FOR PHOTON MIGRATION IMAGING
The success of optical breast cancer screening depends crucially upon detecting the presence of diseased breast tissues from surface measurements of photon migration. Time-dependent measurements of photon migration can be made in one of two ways: in the time and frequency domains. In the time domain, an incident impulse of light is launched into the tissue. As the pulse propagates through the tissues, its migration and attenuation are influenced by local tissue optical properties. The broadened, reemitted pulse provides information about the scattering medium through which it has propagated. In the frequency domain, a photon density wave is launched into the tissue. As the wave of photons propagates, it is attenuated and phase shifted with respect to the incident wave due to the local tissue optical properties. These measurements provide input into inverse imaging algorithms for image reconstruction or can be used directly to reconstruct tomographic images. Yet the question remains: Are the optical property differences between normal and diseased tissues significant enough to distort these measurements of photon migration and provide detection of breast cancer?
In order to answer this question, we solved the forward-imaging problem to detect changes in photon migration measurements in which a simulated diseased tissue volume was located in an otherwise homogeneous medium. The optical properties of the 70-mm diameter homogeneous medium were chosen to be identical to those measured at 749 nm for the fibrous normal tissues of patient 62 in Table  4 . A 5-mm diameter diseased tissue volume with optical properties identical to those measured for the ductal carcinoma in situ in the same patient was embedded in the simulated tissue. While the high resolution for x-ray mammography is based largely upon the detection of calcifications, the minimal detectable volume for diseased tissues using optical tomography is not yet clear. Thus we arbitrarily choose to investigate optical tomography on a 5 mm tumor embedded in normal tissue. The diffusion equation that describes the local light propagation in tissues was solved in the time domain using commercial finite-element software (Fluid Dynamics International, Evanston, Illinois): 1 c ‫ץ‬ ‫ץ‬t ⌽͑r,t ͒ϪDٌ 2 ⌽͑r,t ͒ϩ a ⌽͑r,t ͒ϭS͑ r,t ͒.
In Eq. (2), c is the speed of light in the medium (cm/s), ⌽ is the photon fluence rate (number of photons/cm 2 sec) at position r and time t, D is the optical diffusion coefficient (cm), which is defined as Table 4 Optical properties of normal and diseased human breast tissue samples from the same patient at wavelengths of 749, 789, and 836 nm.
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and S is the source term (number of photons/cm 3 sec). Since computations were prohibitive in three dimensions, we accounted for the twodimensionality of our simulation by noting that a scattering length in two dimensions has (3/2) 1/2 (Ref. 30 ) the length of a three-dimensional scattering length. These simulations therefore mimic detection of a 5 mm cylindrical diseased volume. Four different meshes consisting of approximately 1700 quadrilateral elements with 7000 nodes were constructed. At a node located one scattering length beneath the surface, an initial condition of finite fluence served to simulate the incident impulse of light. Zero fluence boundary conditions were imposed, allowing more rapid computation on a SunSparc 10 workstation. The error in our source location and zero boundary condition assumption is minimal compared with the results for partial current boundary conditions 31 with an initial condition employing a surface node. 32 Figures 7(a) to 7(d) are contour plots showing the simulated light propagation through the 2-D circular tissue phantom at times of 0.2, 1, 2, and 25 ns after an initial impulse of light. The incident impulse is launched from a point source located at the left edge. As time progresses, the light pulse broadens and attenuates toward the center of the phantom due to symmetry. The presence of the tumor causes light to be ''trapped'' within the object because of multiple scattering events causing a higher intensity within the heterogeneity. From these results, one can see that the propagation of NIR light in tissue is influenced by the presence of diseased tissues with optical properties similar to what has been measured in this study. However, can this change in light propagation characteristics be measured noninvasively?
In order to answer this question, we used data from our time domain finite-element solution and converted it to frequency domain measurements of phase shift and amplitude modulation using the Fourier transform. 33 For a detector located at an arc distance of 3.05 cm away from the source, we simulated the change in phase shift caused by the diseased tissue volume as a function of the modulation frequency and the position of the heterogeneity away from the tissue-air interface. Figure 8 shows the simulated phase-shift difference at frequencies of 25, 50, 100, 150, 200, and 250 MHz. This figure shows that the tumor causes an alteration in phase shift at depths of up to 1.8 cm at the measured frequencies. However, the maximum 2.3-degree change in phase shift may not be sufficient for detection. The presence of the heterogeneity can be determined at greater depths from lower frequencies and larger separations between the source and detector. 8 
CONCLUSIONS
Our results of optical property measurements of pooled tissue samples show that there are no statistical differences between normal and diseased tissues. However, these measurements underestimate absorption because of the blood drainage that occurs during excision. Therefore our measured absorption coefficients may not reflect the in vivo conditions. Since tumor angiogenesis may be responsible for increased vascularity and hemoglobin concentrations, 34 we expect our in vitro measurements to underestimate the contrast caused by absorption. Nevertheless, our data show an increased scattering coefficient in infiltrating and ductal carcinoma in situ tissues relative to fatty and fibrous tissues. Indeed, when diseased and normal tissues from the same patient are compared, significant differences in optical properties can be seen. Table  4 measured at 749 nm.
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